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Summary
We used fluorescence recovery after photobleaching
(FRAP) to measure the mobility of synaptic vesicles
in frog motor nerve terminals. Vesicles belonging to
the recycling pool or to the reserve pool were selec-
tively labeled with FM1-43. In resting terminals, vesi-
cles in the reserve pool were immobile, while vesicles
in the recycling pool were mobile. Nerve stimulation
increased the mobility of reserve pool vesicles. Treat-
ment with latrunculin A, which destroyed actin
filaments, had no significant effect onmobility, and re-
ducing the temperature likewise had little effect, sug-
gesting that recycling pool vesicles move by simple
diffusion. Application of okadaic acid caused vesicle
mobility in both pools to increase to the same level.
We could model these and others’ results quantita-
tively by taking into account the relative numbers of
mobile and immobile vesicles in each pool, and vesicle
packing density, which has a large effect on mobility.
Introduction
The synaptic vesicle cycle is being elucidated in increas-
ing detail. Some aspects, such as exo- and endocytosis,
can be described in terms of molecular participants
(Sudhof, 2004), while others, such as vesicle trafficking,
are less well understood. Mechanisms underlying vesi-
cle mobilization are particularly obscure. The relative
roles, for example, of diffusion and molecular motors
are not clear in conventional synapses. Previously, we
showed that while vesicles belonging to the recycling
pool (also called the readily releasable pool) are prefer-
entially released during nerve stimulation (Richards
et al., 2000, 2003), they physically do not occupy favored
positions near release sites, as had been expected, but
instead are scattered almost randomly throughout the
entire cluster of vesicles in resting terminals (Rizzoli
and Betz, 2004). This means that distance to the release
site is not the main determinant of release probability
during repetitive stimulation. What then provides recy-
cling pool vesicles with their privileged status? Do they
move preferentially by way of attachment to special
transport mechanisms (such as actin filaments), or are
they simply free of molecular anchors (such as synapsin)
that immobilize reserve pool vesicles, and so move by
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Germany.ordinary diffusion? To address this question, we labeled
recycling and reserve pool vesicles selectively with
FM1-43, and used fluorescence recovery after photo-
bleaching (FRAP) to monitor directly the movements of
vesicles in each pool, both in resting terminals and dur-
ing repetitive nerve stimulation. While previous esti-
mates had suggested a plausible role for actin-based
motors in vesicle transport, our results are more simply
explained by simple diffusion and reveal no evidence at
all for a role of actin.
FRAP measurements have previously been per-
formed on FM dye-labeled synaptic vesicles in isolated
retinal cells, which make ribbon synapses (Rea et al.,
2004). These vesicles are highly mobile, with a measured
diffusion coefficient (w0.11 mm2/s) approaching that of
vesicles in free solution (w0.15 mm2/s) (Luby-Phelps
et al., 1987). Similar results were obtained with total in-
ternal reflection fluorescence (TIRF) microscopy (Holt
et al., 2004). While FRAP measurements of cultured
neonatal hippocampal synapses have been reported
(Shtrahman et al., 2005), the small (submicron) size of
these synapses makes FRAP studies challenging.
A somewhat less direct technique, involving fluores-
cence noise analysis, has been used with cultured
hippocampal neurons (Jordan et al., 2005; Shtrahman
et al., 2005), concluding that vesicles are virtually immo-
bile in this preparation. A single-particle tracking tech-
nique has led to the same conclusion (Lemke and Klin-
gauf, 2005). The large differences in mobility in the two
cell types may reflect the presence of synapsin, a puta-
tive vesicle ‘‘glue,’’ in conventional but not ribbon synap-
ses. The effect of nerve stimulation on the hippocampal
preparation has been tested, and a slight increase in
vesicle mobility was found (Lemke and Klingauf, 2005).
The relatively large vesicle clusters (2–4 mm diameter)
in frog motor nerve terminals render FRAP a more plau-
sible technique, and the ability to selectively label dis-
creet vesicle pools makes it possible to examine vesicle
movements in unique detail. We report that, in resting
terminals, vesicles in the reserve pool are immobile,
like vesicles in hippocampal terminals, while vesicles
in the recycling pool are mobile, although about 36-
fold less mobile than vesicles in photoreceptors. Nerve
stimulation increases reserve pool mobility. Destroying
actin filaments with latrunculin A or reducing the tem-
perature had only modest effects on mobility, consistent
with diffusion-mediated motions of recycling pool vesi-
cles. Application of okadaic acid increased the mobility
of vesicles in both pools to the same level, although still
much lower than that in photoreceptors. We could ac-
count quantitatively for the data from the NMJ, photore-
ceptors, and hippocampus with a simple model that
takes into account vesicle packing density.
Results
Vesicles in the Recycling Pool, but Not the Reserve
Pool, Are Mobile at Rest
We measured FRAP rates in normal, resting terminals
selectively stained with FM1-43 in three different
Neuron
318Figure 1. Recycling Pool Vesicles Are Mobile
at Rest
(A) Typical FRAP images for recycling pool
(top row), reserve pool (middle row), and
background (bottom row). Columns show
each terminal before the bleach (left column),
immediately after the bleach (middle), and
1 min after the bleach (right). Arrows indicate
bleached region. Scale bar, 1 mm.
(B) Quantification of FRAP results for recy-
cling pool (filled circles), reserve pool (open
circles), and background (inset). Background
recovery was about 50% and was well fit by
a single exponential (line). This line, scaled
by 0.4 (the fraction of reserve pool staining at-
tributable to background, from Figure S1B,
right-hand bar), fits the reserve pool recovery
data almost perfectly (line on open circles in
main graph). Thus, the only recovery ob-
served in reserve pool-stained preparations
was due entirely to background recovery; re-
serve pool vesicles were completely immo-
bile. The recycling pool, however, showed
significant recovery after bleaching. Error
bars indicate SEM.
(C) Relative fluorescence intensities of mobile
and immobile fractions of vesicle pools and
background (Bkg), each normalized individu-
ally. In recycling pool-stained preparations,
about 70% of the vesicles are mobile; none
of the vesicles in the reserve pool-stained
preparations is mobile.ways: after staining of the recycling pool alone, the re-
serve pool alone, and background (residual dye within
the nerve terminal confines after exhaustive stimula-
tion). Figure 1A shows typical images of terminals before
(left panels) and after (middle and right panels) bleach-
ing with the laser beam. A circular areaw0.6 mm in diam-
eter was bleached (about 75% of total fluorescence was
lost) in terminals selectively labeled for the recycling
pool (Figure 1A, top row), reserve pool (middle row),
and background (bottom row). Results are quantified
in Figure 1B. The inset shows background recovery,
which recovered rapidly (time constant ofw6 s) to about
half of its prebleach level. The rapid background recov-
ery probably is mediated by FM dye trapped in surface
membranes of the nerve terminal, muscle, and Schwann
cell, since FM dye diffusion within membranes is fast
(Zenisek et al., 2002). The incomplete recovery probably
reflects the fact that about half of the background fluo-
rescence is due to residual vesicles that cannot undergo
stimulated exocytosis (Rizzoli and Betz, 2004) and are
likely immobile.
Results from FRAP measurements of terminals with
selective pool labeling are shown in Figure 1B (main
graph). For both types of selective labeling somerecovery is evident. To subtract the background contri-
bution from the observed recovery, we scaled the back-
ground recovery (inset) to the relative brightness of the
background and pools; the resulting curve for the re-
serve pool (solid line) superimposes almost perfectly
with the data points (open circles). In other words, all
fluorescence recovery of reserve pool-stained prepara-
tions was due to background recovery. Thus, vesicles in
the reserve pool are completely immobile.
Recovery of recycling pool-stained preparations
(solid circles), however, clearly exceeded background
recovery. The recovery was slower than background re-
covery and was incomplete, reaching about 50% 1 min
after the bleach. The incomplete recovery of the recy-
cling pool probably reflects mainly the imperfect selec-
tivity of the initial labeling of vesicles with FM dye, with
some recycling vesicles entering the reserve pool and
becoming immobilized (c.f. Rizzoli and Betz, 2004,
who reported that as much as 30% of vesicles from
the recycling pool may reenter the reserve pool). Fig-
ure 1C shows the sizes of the various pools, each di-
vided into mobile and immobile components.
The apparent diffusion coefficient (D) for vesicles in
the recycling pool was calculated following the method
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319of Axelrod et al. (1976). Briefly, background FRAP recov-
ery curves were scaled for intensity and subtracted from
the recycling pool FRAP data. The resulting curves were
fit with a single exponential (t = 53.1 s), the half-time of
which was used to calculate the diffusion coefficient
according to
D =

u2
4t1=2

gD (1)
where t1/2 = observed half-time of recovery (34.2 s), u =
width of the bleached region at e22 of the peak height,
and gD = a bleaching parameter based on beam param-
eters and bleach depth, here set as 1. The resulting value
for D (0.003 mm2/s) is about 50 times smaller than ex-
pected for unhindered diffusion.
Nerve Stimulation Increases Mobility of Reserve
Pool Vesicles
Figure 2 shows results from experiments in which we
measured FRAP while stimulating the nerve (30 Hz). Fig-
ure 2A shows recovery of background fluorescence
Figure 2. Reserve Pool Vesicles Are Mobilized by Nerve Stimulation
(A) Background fluorescence is not significantly altered by nerve
stimulation. Terminals were maximally labeled with FM1-43 and
then exhaustively stimulated to release as much dye as possible.
Subsequent FRAP during tetanic nerve stimulation (filled circles)
was nearly identical to FRAP in controls (unstimulated; open circles).
(B) Recycling pool FRAP during nerve stimulation. Filled circles
show fluorescence loss due to exocytosis of control (unbleached)
vesicle clusters. Open circles show fluorescence of bleached spots.
Each curve is background subtracted and then normalized to initial
fluorescence (100%) and final fluorescence (0%).
(C) Reserve pool FRAP during nerve stimulation (as in panel [B]).
Filled circles show control fluorescence (unbleached spots) during
tetanic nerve stimulation. Open circles show fluorescence of
bleached spots. After a delay of 15–20 s, during which time little
change occurred in either control or bleached regions, fluorescence
began to fall in control regions (due to exocytic release of dye) and to
rise in bleached regions (due to movement of labeled vesicles from
unbleached regions into bleached regions).(measured as in Figure 1) at rest (open circles) and during
tetanic stimulation (filled circles). The rates of rise are
very similar (time constants = 6.0 and 6.9 s), suggesting
that FM1-43 diffusion in surface membranes is not signif-
icantly altered by nerve stimulation. Similarly, the final re-
covery values are very similar (46% and 50%), suggest-
ing that most of the unreleasable vesicles comprising
about half of the background fluorescence (Rizzoli and
Betz, 2004) remain immobilized during stimulation.
Figure 2B shows results from experiments in which recy-
cling pool vesicles were stained. Filled circles show the
activity-dependent destaining of control (nonbleached)
vesicle clusters, normalized to the beginning (100%)
and end (0%) of the stimulus period. Open circles show
the fluorescence within the bleached region, similarly
normalized. The two curves are not very different, sug-
gesting that the rapid loss of residual dye from bleached
regions by exocytosis was not counteracted very much
by movements of labeled vesicles from unbleached
regions. A different result was observed when the same
experiment was repeated with reserve pool staining
(Figure 2C). In this case, after a delay, the fluorescence
in the bleached region began to rise significantly com-
pared to control regions (see Figure S3 in the Supple-
mental Data available online). This occurred long after
any rise due to background recovery (Figure 2A; see
also Experimental Procedures). This FRAP must reflect
mobilization and lateral movement of reserve pool vesi-
cles into the bleached region. The FRAP is more obvious
than for recycling pool vesicles in part because the entire
process is much slower (compare x axis limits in panels
[B] and [C] of Figure 2), which provides more time for ves-
icle movement before exocytosis. Note also the initial
15–20 s period in both control and bleached curves, dur-
ing which time relatively little change occurs. This pla-
teau was described before (Richards et al., 2000, 2003;
Rizzoli and Betz, 2004) and reflects the time during which
transmitter release occurs from the recycling pool, be-
fore the reserve pool is mobilized.
Recycling Pool Vesicle Mobility and Distribution
Are Not Affected by Disruption of Actin Filaments
Actin is a candidate for regulating vesicle mobility. La-
trunculin A, an actin monomer binding protein, disrupts
actin staining at the frog neuromuscular junction, as de-
tected with an antibody to b-actin (Richards et al., 2004).
Figure 3A (top panel) shows the delicate actin staining
pattern of frog motor nerve terminals. Most synaptic ves-
icles reside in the ‘‘holes’’ surrounded by loops of actin
filaments. Latrunculin A (15 mM) treatment completely
destroyed the actin staining pattern (Figure 3A, lower
panel; Richards et al., 2004). As shown in Figure 3B, actin
disruption had no significant effect on FRAP of the recy-
cling pool. A similar lack of effect was found in terminals
with the reserve pool labeled (data not shown). We won-
dered, if actin does not govern mobility of recycling pool
vesicles, might it play a role in confining them to the ves-
icle cluster and keep them from spreading out in the
terminal? Such an idea is supported by the cage-like
pattern of actin staining (Figure 3A). To test this, we
measured the degree of ‘‘spottiness’’ of terminals with
the recycling pool labeled with FM1-43, before and after
treatment with latrunculin A. As shown in Figure 3C, recy-
cling pool vesicles did not appear to spread out in the
Neuron
320Figure 3. Mobility Remains after Disruption
of Actin Filaments
(A) Actin immunostaining. Top panel shows
control staining, with characteristic pattern
of actin ‘‘loops’’ that surround vesicle clus-
ters. Bottom panel shows a terminal after ap-
plication of latrunculin A (15 mM), which de-
stroys actin filaments. Scale bar, 5 mm.
(B) Recycling pool-stained preparation re-
covery after photobleaching. Controls (open
circles) are indistinguishable from latrunculin
A-treated preparations (filled circles). Lines
show double exponential fits to the recovery
data points. Error bars indicate SEM.
(C) Recycling pool-labeled nerve terminal be-
fore (top) and after (bottom) latrunculin A
treatment. Actin destruction did not cause
the vesicles to disperse; they remained fully
clustered. Scale bar, 3 mm.
(D) Spatial power spectra of the images in
panel (C) (control, open circles; latrunculin A
treated, filled circles). Shown for comparison
is the spectrum for terminals treated with OA
(gray circles), which shows a large decrease
in high-frequency power (arrow), reflecting
disruption of vesicle clusters and blurring of
fluorescent spots caused by OA. Latrunculin
A shows no similar effect.
(E) Average size of fluorescent spots measured with an automated ‘‘spot detection’’ program based on the Matlab watershed function. Spot sizes
in latrunculin-treated preparations (left column, filled circles) are not significantly different from controls (open circles). Shown for comparison is
the effect of OA treatment, which caused the average size of fluorescent spots to more than double.terminal after actin filaments were disrupted; they re-
mained in clusters. We tested this quantitatively in two
ways. First, two-dimensional discrete Fourier transforms
were nearly identical (p = 0.84, paired t test) before and
after latrunculin A treatment, while OA treatment pro-
duced a clear decrease in power at spatial frequencies
that were approximately the size of vesicle clusters and
intercluster spacing (Figure 3D, arrow). Second, we
used an automatic ‘‘spot detector’’ routine that relies
on a Matlab function (‘‘watershed’’) to find regions of iso-
lated brightness. In controls (Figure 3E, open circles),
spots comprised about 80 to 90 pixels. OA treatment
(right side) caused spot size to more than double (p <
0.05, Student’s t test) as vesicle clusters were dispersed,
but latrunculin treatment had no impact on spot size
(filled circle, left side). Thus, the ‘‘cage’’ that normally
confines the mobile recycling pool vesicles does not
depend on the presence of intact actin filaments.
Low Temperature Modestly Slows Recycling
Pool FRAP
The evident lack of a role of actin-dependent processes,
such as myosin motors, in regulating vesicle move-
ments in resting terminals suggested that the recycling
pool vesicle movements may be driven by simple diffu-
sion. To distinguish further between these two possibil-
ities, we measured the effect of reducing temperature
(from 23C to 13C) on the extent and rate of recycling
pool FRAP. As shown in Figure 4, the extent of FRAP re-
covery 1 min after bleaching was reduced (solid circles),
suggesting that some recycling pool vesicles were
immobilized by the reduced temperature. The rate of
recovery, however, was not significantly different (time
constants of recovery fitted to a single exponential, after
background subtraction, were 53.1 and 45.8 s at roomand low temperatures, respectively). The black line in
Figure 4 shows the predicted slowing, assuming a Q10
of 1.3, typical for diffusion in an aqueous medium, while
the gray lines show predicted FRAP slowing based on
motility of fast (top; Q10 = 2.4) and slow (bottom; Q10 =
4.2) myosin motors (Hook and Larsson, 2000). These ob-
servations further support the conclusion that diffusion
plays an important role in the movement of recycling
pool vesicles.
Okadaic Acid Increases Mobility of Vesicles
in Both Pools
The phosphatase inhibitor okadaic acid (OA) has previ-
ously been shown to increase synaptic vesicle mobility
Figure 4. Small Effect on FRAP of Reduced Temperature Suggests
Diffusion of Recycling Pool Vesicles
Reducing the temperature from 23C to 13C reduced the amount of
recovery modestly. Open circles, control; filled circles, lower tem-
perature. Lines show expected results for diffusion, with Q10 = 1.3
(black line) and for fast and slow myosin motors (gray lines). The dif-
fusion line is clearly the better predictor of the observed results.
Error bars indicate SEM.
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321Figure 5. Okadaic Acid Increases Mobility
of Both Recycling Pool and Reserve Pool
Vesicles
(A) Images of a recycling pool-stained nerve
terminal (top row) and a reserve pool-stained
terminal (bottom row), both treated with OA (5
mM). Columns show each terminal before the
bleach (left), immediately after the bleach
(middle), and 1 min after the bleach (right).
Arrows indicate bleached region. Scale bar,
1 mm.
(B) FRAP after OA treatment of recycling
pool-stained preparation (filled circles) and
reserve pool-stained preparation (open cir-
cles). Black lines are double exponential fits
to the recovery data points. Gray lines show
control (no OA) recovery curves (from Fig-
ure 1) for recycling (upper gray line) and re-
serve (lower) pools. Both pools increase re-
covery to the same level.
(C) Relative fluorescence intensities after OA
treatment of mobile (open bars) and immobile
(filled bars) fractions of vesicle pools, and
background (Bkg), each normalized individu-
ally. The two pools are now almost indistin-
guishable in their behavior.in fully loaded, convential terminals (Betz and Henkel,
1994; Henkel et al., 1996; Kraszewski et al., 1995, 1996;
but see Guatimosim et al., 2002, in nonconventional syn-
apses). How does OA activity influence vesicle mobility?
Synaptic vesicles have been hypothesized to be cross-
linked by synapsin molecules, which dissociate from
vesicles upon synaptic activity and synapsin phos-
phorylation (Torri-Tarelli et al., 1992; see review by
Hilfiker et al., 1999). The block of phosphatase activity
by OA would have similar results with synaptic activa-
tion in phosphorylating and unhinging synapsin from
the vesicles, thus unpacking the cross-linked cluster.
Such an effect is consistent with the observed
early increase in evoked transmitter release (reflecting
increased mobility) followed by a slower decline (coinci-
dent with dispersion of vesicles; Betz and Henkel, 1994).
Here we explored effects of OA on each vesicle pool
separately. Figure 5A shows typical images of terminals
before and after bleaching (as in Figure 1). Of particular
note is the bottom right panel, which shows significant
recovery of the reserve pool after OA treatment, some-
thing never seen in controls. Averaged data are shown
by the symbols in Figure 5B (gray lines show results
from control preparations, from Figure 1). Reserve
pool vesicles were strongly mobilized by OA (5 mM)
and were comparable to recycling pool vesicles, with
mobilized fractions reaching about 75% for each pool.
FRAP rates were also nearly identical. Diffusion coeffi-
cients calculated (as described above for control
terminals) for OA-treated terminals were 0.018 mm2/s
(recycling pool) and 0.016 mm2/s (reserve pool).Hindered Diffusion Reduces Recycling Pool Mobility
These results raised several additional questions. Why,
for example, if recycling pool vesicles diffuse freely at
rest, would OA treatment cause an additional 6-fold in-
crease in the apparent diffusion coefficient (from 0.003
to 0.018 mm2/s)? Why would the apparent diffusion con-
stant still be more than six times slower than in photore-
ceptors? Figure 6A shows the entire range of diffusion
constants, from completely immobilized vesicles (D = 0)
to those diffusing freely in aqueous medium (D = 0.15
mm2/s). One possible explanation for the large range
concerns vesicle packing density. For example, perhaps
the presence normally of many tightly packed vesicles
(the reserve pool) hinders the otherwise free movement
of recycling pool vesicles, which are scattered among
the reserve pool (Rizzoli and Betz, 2004). The effect
might even persist to some extent after mobilization of
the reserve pool by OA.
To test this hypothesis, we designed a simple Monte
Carlo model (see Experimental Procedures) that deter-
mined diffusion coefficients for mobile vesicles scat-
tered among immobile vesicles. Through multiple itera-
tions, we calculated vesicle diffusion coefficients of the
mobile fraction as a function of vesicle density and also
of the percentage of immobile vesicles. Results are
shown in Figure 6B, which shows diffusion coefficients
on a ‘‘mobility/packing surface.’’ The apparent diffusion
coefficient D of mobile vesicles is shown on the vertical
axis. D depended only modestly on the percentage of
immobile vesicles (left axis), except at very high vesicle
densities. However, D depended very steeply on the
Neuron
322Figure 6. Model of Vesicle Pool Mobility in
Resting Terminals
(A) Measured diffusion coefficients for synap-
tic vesicles in different preparations.
(B) Diffusion constant (D; vertical axis) calcu-
lated as a function of vesicle packing density
(right-hand axis) and percentage of immobile
vesicles (left-hand axis) in a Monte Carlo
model. The resulting ‘‘mobility/packing’’ sur-
face shows a steep dependence on packing
density (defined as summed vesicle volume
divided by volume of terminal available to
vesicles). Measured values in the present
study of recycling pool vesicles are shown
by the white lines (lower, control; upper,
OA-treated). Points labeled a and b show pre-
dictions of model. Control preparations (point
a) are tightly packed, with about 90% immo-
bile vesicles. OA (point b) mobilizes most ves-
icles and increases the volume of distribution
of vesicles. The model describes the ob-
served results with reasonable accuracy.
Colored points show measured values of ves-
icle diffusion constants in other preparations
(red, free diffusion; green, lizard photorecep-
tor; blue, cultured hippocampal synapse; see
text for references). These too fall reasonably
close to values predicted by the mobility/
packing model.vesicle density (right axis). Control terminals were pre-
dicted to lie near point a (90% immobile vesicles, about
71% packing density, giving D = 0.0002 mm2/s) and were
predicted to move to point b (20% immobile vesicles,
48% packing density, giving D = 0.032 mm2/s) after OA
treatment, as vesicles are mobilized and spread out in
the terminal, reducing the vesicle density. Vesicle pack-
ing values were chosen as follows. We estimate from se-
rial electron microscopic reconstructions (Rizzoli and
Betz, 2004) that vesicle density inside vesicle clusters
approaches the theoretical maximum for tight packing
of spheres, 74%. OA treatment causes vesicles to dis-
perse, and the minimum vesicle density possible (which
would occur if vesicles dispersed throughout the entire
terminal) is about 48% (from Rizzoli and Betz, 2004).
Thus, the model predicts that vesicle density should de-
crease from about 71% (near the maximum possible) to
about 48% (the minimum possible) after OA treatment.
In addition, the percentage of immobile vesicles de-
creases after OA treatment, from about 90% (since the
recycling pool comprises about 15% of the total vesicle
population, and about 30% of this pool is immobile
[Figure 1C]) to about 20% (from Figure 5C). The mea-
sured diffusion coefficients from FRAP experiments
(control 0.003 and OA 0.018 mm2/s) are shown as white
contour lines in Figure 6. The observed control value
is somewhat higher than predicted (the difference is
indicated by the white line connecting point a with the
contour line), while the OA value is about 40% lower
than predicted by the model (the difference is indi-
cated by the white line connecting point b with the OA
contour line).
By way of comparison, five other points are shown on
the graph, each connected to the model surface by
a short straight line. The red point shows free diffusion
of unhindered vesicles, D = 0.15 mm2/s; the green point
shows results from photoreceptors, D = w0.11 mm2/s
and packing density is about 30% (Rea et al., 2004);the blue points are from cultured hippocampal neurons:
circle D =w0.00005 mm2/s (Jordan et al., 2005), squares
D = 0.0043 mm2/s and (after OA) D = w0.13 mm2/s
(Shtrahman et al., 2005). While the points are distributed
at widely separated locations on the mobility/packing
surface, reflecting large differences in vesicle densities
and percentages of immobilized vesicles in different
preparations, all are in reasonable agreement with the
model.
Discussion
Our results show that vesicles in the recycling pool of
resting frog motor nerve terminals are mobile and that
their movements are consistent with simple diffusion.
Reducing the temperature from 23C to 13C (a change
that is within the normal physiological range for amphib-
ians) reduced vesicle mobility only slightly, consistent
with a passive process like diffusion. In mammals,
changes in transmitter release with nonphysiological
cooling have been ascribed to changes in vesicle mobil-
ity, although mobility was not directly measured, and
other possibilities cannot be excluded (e.g., Micheva
and Smith, 2005; Yang et al., 2005; Kushmerick et al.,
2006). The mobility that we measured is sufficient to ac-
count for the exocytosis of members of this pool during
repetitive stimulation.
Rizzoli and Betz (2004) showed that vesicles in the re-
cycling pool are not clustered near the presynaptic
membrane, but instead are scattered throughout the en-
tire cluster. They estimated that a directed velocity of 50
nm/s could account for the exocytic loss of recycling
pool vesicles during repetitive stimulation. To test
whether diffusion could explain the results, we used
a Monte Carlo model to compare the number of vesicles
that would reach the active zone with either directed
movement at 50 nm/s or with diffusion at 0.003 mm2/s
(see Experimental Procedures). The model showed
Synaptic Vesicle Mobility
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active zone under these two conditions, suggesting
that diffusion-based vesicle mobilization is indeed suffi-
cient to explain exocytosis at the measured rates. A
remaining, unresolved question concerns the nature of
the ‘‘cage’’ that surrounds vesicle clusters and keeps re-
cycling pool vesicles from diffusing out of the cluster.
Destruction of actin filaments did not lead to vesicle
dispersion.
Vesicle mobility has been measured in nonconven-
tional synapses, and diffusion coefficients have been re-
ported. In the lizard photoreceptor labeled with FM1-43,
Rea et al. (2004) used FRAP to measure a 36-fold higher
diffusion coefficient (0.11 mm2/s) than we observed. The
discrepancy is quantitatively accounted for with a model
(Figure 6B) that takes into account the much lower im-
mobile fraction in the photoreceptor (w10%) compared
to the frog (>80%), and especially the lower vesicle
packing density in photoreceptors (w30%) compared
to the frog (approaching the maximum allowable for
tight packing of spheres, w74%). The photoreceptor
diffusion coefficient approaches that of synaptic vesi-
cle-size spheres in free solution, 0.15 mm2/s (Luby-
Phelps et al., 1987). In a different ribbon synapse, the
goldfish bipolar cell, Holt et al. (2004) found a value
somewhat (7-fold) lower than that in lizard photorecep-
tor (0.015 versus 0.11 mm2/s). Obtained with TIRF mi-
croscopy, this value applied only to vesicles close to
the plasma membrane and could be reduced by the
binding action of ribbons. Moreover, vesicle density de-
creases as one moves deeper into the cell, from 524 to
212 vesicles/mm3 (Holt et al., 2004), which could also in-
crease mobility.
Taken together, these observations point toward a
free-diffusion model for all vesicles in both of the retinal
ribbon synapses and for recycling pool vesicles in frog
motor nerve terminals. Consistent with this, actin dis-
ruption had no significant effect on vesicle movement
in any of these three preparations. Nevertheless, vesi-
cles in ribbon synapses move significantly faster than
those in frog terminals. One wonders whether there is
an adaptive significance to this difference. For example,
if the relatively large retinal ribbons are better equipped
to capture diffusing vesicles than are the smaller active
zones in frog terminals, perhaps slowing diffusive move-
ments by increased packing improves the capture abil-
ity of active zones. Interestingly, in ribbon synapses
where synapsin is absent (Mandell et al., 1990), OA
reduces movement of recently endocytosed vesicles
(Guatimosim et al., 2002).
In cultured hippocampal neurons, the situation ap-
pears to be different. Analyses of fluorescence noise
led to the conclusions that all (Jordan et al., 2005) or
nearly all (Shtrahman et al., 2005) vesicles were virtually
immobile, like the frog reserve pool. Actin disruption
alone did not alter this, although after OA-induced mobi-
lization, actin disruption produced an additional in-
crease in mobility (Jordan et al., 2005). The low vesicle
packing density in hippocampal synapses cannot con-
tribute significantly to the observed immobilization of
nearly all vesicles in resting terminals. If the vesicles
are immobilized by synapsin only, their relatively low
packing density precludes much vesicle-to-vesicle at-
tachment by synapsin. If instead synapsin links vesiclesto actin filaments, it is curious that actin disruption by
itself did not mobilize them.
Many studies have examined the role of actin fila-
ments on various aspects of the vesicle cycle. Probably
the strongest evidence for a role of actin is in endocyto-
sis (Merrifield, 2004), particularly as vesicles are reinter-
nalized and transported back into the vesicle cluster
(Shupliakov et al., 2002). Actin disruption has been
shown to affect nerve terminal ultrastructure (Richards
et al., 2004) and synaptic function in one case enhancing
transmission (Wang et al., 1996) and in three others in-
hibiting transmission during high-frequency stimulation,
and producing no effect with low-frequency stimulation
(Kuromi and Kidokoro, 1998; Cole et al., 2000; Richards
et al., 2004). Since we observe no change in recycling
pool vesicle mobility after destroying actin filaments
(Figure 3B), it would appear that actin plays little or no
direct role in vesicle mobilization.
Experimental Procedures
Most methods have been described previously (Betz et al., 1992;
Betz and Bewick, 1993). Briefly, frog (Rana pipiens) cutaneous pec-
toris neuromuscular junction preparations were dissected and
mounted in sylgard-lined chambers. The normal frog Ringer’s solu-
tion contained (in mM): 115 NaCl, 2 KCl, 1.8 CaCl2, 5 HEPES, with
pH = 7.2. Stimulation of the nerve was performed with a suction
electrode.
Synaptic vesicle pools were selectively labeled with the fluores-
cent dye FM1-43. Muscles were bathed in Ringer’s containing
3.2 mM FM1-43 for 1 min to allow the dye to diffuse into the synaptic
cleft. Recycling pool vesicles were labeled with 30 Hz nerve stimula-
tion for 10 s. The muscle was left in the dye-containing solution for an
additional minute to allow for complete dye labeling of endocytosed
vesicles. The muscles were then rinsed in Ringer’s solution at 4C to
remove dye from extracellular space until ready for imaging. The re-
serve pool vesicles were selectively labeled in a two-step process.
First, the preparation was stimulated at 30 Hz for 1 min in the pres-
ence of FM1-43. Dye remained in the bath for an additional 10 min
to allow for complete endocytosis of reserve pool vesicles (see
Richards et al., 2000, 2003 for background on vesicle loading proto-
cols). The muscles were then rinsed at 4C for 1–2 hr. Second, the
muscles were warmed to room temperature and stimulated for
10 s at 30 Hz (without FM1-43) to unload the recycling pool, leaving
behind only reserve pool-labeled vesicles. A recovery period of at
least 15 min was allowed before imaging, to permit synaptic vesicles
to reform from any residual cisternae. Background staining was
measured in preparations loaded as described above, following
5 min, 30 Hz stimulation. As shown in Figure S1 (in the Supplemental
Data available online), reserve pool-stained terminals were about
2.5 times brighter than recycling pool-stained terminals, reflecting
the larger number of vesicles in the reserve pool (Richards et al.,
2000, 2003) The pattern of staining, however, was indistinguishable,
because vesicles in the two pools are intermixed (Rizzoli and Betz,
2004). Background staining was 40%–50% of fully stained pools,
and the pattern of background staining was diffuse, not punctate
like the vesicle clusters.
Imaging was performed on a Zeiss 510 laser scanning confocal
microscope. For image collection, excitation light was provided by
an Argon laser 488 nm line at 25% current and 0.05% or 0.15% trans-
mission. Light was focused through a 633, 0.9 NA Achroplan water-
immersion objective. Emission light was collected back through the
objective and filtered through a long-pass filter at 505 nm. Images
were collected every 2 s. The image size was 512 3 512 pixels or
14.6 mm 3 14.6 mm, resulting in 30 nm/pixel images. Laser dwell
time was 1.6 ms per pixel. The pinhole was selected to collect a
3 mm optical slice in order to gather all terminal data while preventing
collection of out-of-focus fluorescence from muscle and connective
tissue. For the bleach, a 15 pixel diameter circle was selected on
a cluster. During the bleach, laser transmission was increased to
100% and 30 scanning iterations resulted in roughly 75% loss of
Neuron
324fluorescence in the bleached area. Images were collected at varying
detector gains to get similar dynamic ranges for each terminal. Rel-
ative fluorescence intensities have been corrected for gain differ-
ences. FRAP results did not depend on detector gain.
Latrunculin A, okadaic acid, b-actin antibody, and curare were
purchased from Sigma, Saint Louis, MO. Stock solutions for latrun-
culin A and okadaic acid were made by dissolving into DMSO and
were stored at 220C. Stock solutions were thawed and mixed in
normal frog Ringer’s solution for use. For FRAP during stimulation,
muscles were bathed in 10 mM curare to prevent muscle contraction.
Because laser illumination can damage living cells, we performed
control experiments to test for photodamage after bleaching. We re-
corded evoked end plate potentials (EPPs) and spontaneous minia-
ture EPPs (MEPPs) before and after photobleaching. First, record-
ings were made from several identified terminals. Then the
preparation was stained with FM1-43 as described above. Next, en-
tire terminals were bleached entirely (not just small spots) to 25% or
less of their initial brightness. Finally, recordings were obtained from
the same fibers from which control records were taken. As shown in
Figure S2, evoked EPP amplitudes were not significantly affected by
the bleaching procedure. In addition, MEPP frequencies (0.59/s in
control, 0.60/s after photobleaching) and amplitudes (0.48 mV in
control, 0.51 mV after photobleaching) were not significantly
changed by the bleaching. These variables provide sensitive mea-
sures of the health of synaptic preparations, and the results provide
strong evidence that the bleaching procedure was not harmful to the
synapse.
For immunofluorescence, muscles were fixed for 10 min in ice-
cold methanol, washed in 13 PBS, blocked with 1% BSA dissolved
in 13 PBS for 1 hr, then incubated with the b-actin antibody (1:200)
overnight. Terminals were imaged after washing in PBS.
Data analysis was performed using programs written in Matlab. To
calculate percent recovery after photobleaching, we measured fluo-
rescence in four different regions in each image: the bleached spot,
the entire vesicle cluster containing the bleached spot, neighboring
unbleached clusters, and neighboring nonterminal (background)
regions. First, background was subtracted from all data. Next,
unbleached clusters were used to correct for loss of fluorescence
resulting from photobleaching during image acquisition. Finally,
we assumed that vesicle movements were restricted to their cluster
of residence, and so calculated the fraction of the total cluster that
was bleached, using this to determine the maximum recovery pos-
sible, which was taken as 100%. For background and OA experi-
ments (in which fluorescence was not clustered), no such correction
was used.
For low-temperature experiments, a Peltier device was used to
cool the preparation; temperature was monitored with a calibrated
thermocouple. For the low-temperature/myosin model, two equa-
tions were used to create expected recovery curves. For the diffu-
sion model (Q10 = 1.3), we used the Stokes-Einstein relation:
D =

kT
6phr

(2)
where k = Boltzmann constant, T = absolute temperature, r = radius
of the vesicles, and h = viscosity (here set as 1.2 times water—the
lower end of the range found by Fushimi and Verkman (1991) for
fibroblasts). The myosin model is based on reported Q10 values
(see Results) and subsequent motility rate changes. The mean
squared displacement equation
D =

L2
6Dt

(3)
for three dimensions was used to convert motility rate changes to
a diffusion coefficient. L = distance and t = time. Once diffusion co-
efficients were calculated for each case, t1/2 values were calculated
based on Equation 1 and were put back into the room temperature
exponential fit to generate an adjusted recovery curve.
Background subtraction during nerve stimulation insured that
fluorescence rises due to background recovery and movement of
vesicles into the bleached region were fully separated. To quantify
vesicle fluorescence recovery during destaining, we subtracted
from the raw fluorescence curves (see Figure S3) the background
fluorescence contribution to the bleached and control regions be-fore normalizing. (The resulting curves, averaged across all four
preparations, are shown in Figures 2B and 2C.) For control regions
the background was a constant value, simply the fluorescence re-
maining after exhaustive nerve stimulation. For bleached regions,
however, the background fluorescence increased after the bleach
(Figure 2A), and this amount was subtracted from the fluorescence.
The time constant of background recovery was 6.9 s, and the
amount of background recovery was one-half of the total that was
bleached (because one-half of the background is immobile; see
Figure 2A). Because background fluorescence recovered quickly,
in some cases we waited several seconds after the bleach before
stimulating the nerve (Figure S3, left-hand panels).
Monte Carlo simulations were performed in Matlab. Vesicles were
placed in a sphere at one of several different volume densities (range
of 122 to 722 vesicles per 0.034 mm3). A fraction of these were se-
lected at random and were set to be mobile; the remainder were im-
mobile. Mobile vesicles were moved in a random direction in 10 nm
steps. If a movement resulted in overlap with another vesicle or with
the edge of the ‘‘terminal,’’ the vesicle was returned to its previous
position and another random step was attempted. After ten consec-
utive failures, the vesicle was left in its original location. After 100
such iterations, the net displacement of each mobile vesicle was
used to calculate a diffusion coefficient based on Equation 3. Five
runs were averaged for each combination of vesicle density and
each immobile fraction data point plotted in Figure 6 (the intersect-
ing lines on the surface plot). Points were placed on the theoretical
mobility packing surface using published values of vesicle and syn-
apse sizes. These values were obtained from chemically fixed prep-
arations and may have been distorted by shrinkage. We measured
vesicle and terminal sizes in fixed and frozen frog motor terminals
(Figure S4). Frozen vesicle volumes (assuming spherical symmetry)
were 1.52 times larger than fixed vesicles, and frozen terminal vol-
umes (assuming cylindrical geometry) were 1.54 times larger than
fixed terminals. Thus, while chemical fixation causes significant
shrinkage, the vesicle packing density is probably not altered signif-
icantly.
To model the number of vesicles reaching the active zone, the
simulation used either random motion with a particular diffusion co-
efficient, or vesicle movement directed toward the active zone. The
active zone was set as a strip occupying about 10% of the surface of
the model sphere. Once a vesicle made contact with the active zone,
it was immediately exocytosed. The rate of exocytosis was used to
compare the two conditions during a 10 s simulation. Results (data
not shown) showed that a directed movement of 50 nm/s (Rizzoli
and Betz, 2004) agreed well with random diffusion with D = 0.003
mm2/s.
Statistical analysis was performed using Microsoft Excel, and
curve fitting for diffusion data was performed using Sigma Plot.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/51/3/317/DC1/.
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